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INTRODUCTION
The light attenuatilon coefficient, which constitutes an important parameter for describing the optical properties of a water area from both the physical and biological points of view, is assumed [4] to be the sum of absorption and scattering coefficients, and to depend on the physical structure of the water and the presence or otherwise of different types of c'ontamination. Therefore, it can serve as a sensitive indicator of the content of suspended and diluted substances in the sea [5] . In particular, it is used to investigate the composition and particle sizes of suspensions in sea water [l, 3, 81 , and as an indicator contamination when monitoring waters [ 161. the absence of strong selective absorption bands, their total effect is usually well described by the exponent function Ae*'.
The mathematical properties of the attenuation coefficient c(h) have been discussed by Kopelevich and Shifrin
1111.
The scattering phenomenon is described by the scattering function and th[e global scattering coefficient. The spectra of scattering coefficients have been examined empirically and analysed theoretically in many papers. Most authors use the Mie theory not only to describe the scattering process, but also to examine all real optical characteristics, i.e. the attenuation coefficient c, the absorption coefficient a, the scattering coefficient b and the scattering functijon p, for different natural collections of suspensions of biological and mineral origin. The theoretical and experimental properties of the coefficient c(k) for many types of natural water areas were discussed in the paper of Prieur and Sathyendranath [ 131. The spectral distribution of the absorption coefficient of For homogeneous particles of approximately spherical natural sea water depends on the absorption spectrum of shape, the Mie theory provides an analytical description its different components and on their concentrations. In of the basic characteristics of the scattering with the help J. KOPEC, B, PAWLAK of series composed of Bessel functions and Legendre polynomials 17, 12, 171.
The analysis of curves describing the spectral distribution of the light attenuation coefficient in natural water areas and in artificial roily oil emulsions in sea water samples under different conditions of salinity and storage time, using approximate formulae based on the Mie theory, is the subject of the present paper.
METHODOLOGY OF EMPIRICAL RESEARCH
Experiments involved the preparation of samples of roily oil in fresh sea water at appropriate concentrations, and spectrophotometric analysis after different periods of exposure to natural light. Russian roily oil with a density of 0.879 g cmm3 at temperature 288 K was examined. The physicochemical properties of the crude oil examined were presented by Pawlak [ 131.
Ciean sea water was prepared artificially, according to the Polish norm PN-66/C-065.502 PKN 1966, for sea water of type B with salinity 35 and pH 8.2. In order to obtain emulsions, 150 cm3 of synthetic sea water were mixed with 0.09 cm3 of crude oil using an electrically-driven universal shaker of the type WU-3. After two hours of emulsification, the samples were subjected to spectrophotometric analysis with the aid of a dual-beam "SPECORD UV-VIS" spectrophotometer made by the Carl Zeiss firm in Jena. Spectrophotometric measurements were carried out for wavelengths from 260 nm to 800 nm. Quartz dishes with an optical path length of 5 cm were placed in the SPECORD at the maximum possible distance from the photometer entrance gap in order to ensure the conditions necessary for measurement of the light attenuation coefficient in absorbing and scattering media [4] . A second, comparative dish was filled with synthetic oceanic water identical to that used for preparation of the emulsion. The differential measurement of light transmission permits determination of the difference between attenuation coefficients for the emulsion c(h), i.e. the determination of the value of c(h)-c,(h).
Examinations of the light attenuation coefficient were also performed for the waters of the Swina River mouth, using the same SPECORD LJV-VIS and in the same wavelength range (260-800 nm). Distilled water was the comparative medium in these measurements.
Map 1. Sampling stations: 1 -beach at Swinoujscie (Poland) ~ seawater; 2 -Swinoujscie windmill -sea water; 3 -the mouth of Swina River -river water; 4 -the mouth of Swina River 2 -river water.
APPROXIMATE FORMULAE
In the Mie theory, the light scattering formula is given by: where 14, 171.
Q, is (in the case of real refractive mdex) a scattermg cross-section.
N(r) is a dispersion distribution function for scattering particles and the Mie coefficients a,, b, can be calculated from recurrent relations in which a,, b, are expressed by initial values [lo] . For real refractive index, these are simple rational functions of tangent function, and for complex refractive index they also depend on hyperbolic functions. Expanding the tangent function into the series of simple fractions and taking only finite number of terms into account, replacing the series (2) by the finite sum and the integral by the mean value (or the Riemann sum), we real&e tha.t for weak absorption of particles by the material (Ren = 0), the spectral distribution of the scattering coefficient can be quite well approximated by the rational function of real arguments x and y = n x. If its poles are not in the measured interval, then the form of the scattering coefficient in the interval will be determined by the pole closest to the measured interval, i.e. the fraction B/(h/h$ .The attenuation coefficient is the sum of the absorption and scattering coefficients, hence assuming that absorption is determined mainly by the first component. we can take For p = 1, cx > 0, h 2 0, the form of the curve (3) depends essentially on the signs of the coefficients A and B. It can be a monotone, convex curve. It can possess an extreme, zeros and a perpendicular asymptote. Many simplifications were performed while deriving formula (3); hence its applicability remains subject to empirical tests. The extremes in the measuring range are h, = 397.3; h, = 680.7. Consecutive columns show wavelengths h (nm), measured and calculated value (c, and cy respectively) of the attenuation coefficient.
From the above data and from the diagram, it follows that the theoretical curve approximates very well the experimental data and the position of the minimum and maximum. Other usually applied curves give a much worse approximation. For the best polynomial of the 3rd degree (possessing four free parameters) and for the data from table I, the sum of tlhe squared deviations is H = 14.8, but for 98 % of the experimental curves for emulsion and for the function (3) we have H I 3.2. For 37 % of the curves we have H < 1. The relation between the accuracy of the approximation and the measuring error is given in the next section.
STATISTICAL ANALYSIS
We assume that random variables describing measured results have a form is a confidence interval at the confidence level 1 -a.
For a = 0. I the interval is (fi/6.333;&/4.019) so in the considered case: < 0.13, 0.204> which is in agreement with the previous estimation. With cs known, the exact value di belongs to the interval (xi -1.960, xi + 1.960) with the probability 0.95. In the examined samples we have H > 3 in only two cases (3.7 %).
Constancy of a variance for different measured values was verified using 14 samples with 6-28 measurements each with the help of the F test (Fisher -Snedecor). It was confirmed at the significance level a = 0.2 in all series in which c,in > 5 m-r, and at the level a = 0.05 in all series in which cmin > 2.5 m-'. If these conditions are not satisfied, the variance must be estimated in different subintervals of the measuring interval. Given the limited stability of samples of products, we regard a relative error of order of 10 % as admissible. Hence, using approximate formulae (with n = 31 and ~7 = 4) is justified if .&/c < 0. ,,,@ = 0.52 . For small measured values (c < 1), the estimated relative error can be larger than admissible, approaching as much as 30 %. Such measured values are, however, of infrequent occurrence (in a minimum of the function), or in intervals where the attenuation coefficient in emulsions and in natural water areas is practically non-selective. Hence, we believe that approximate formula (3) with p = I can be used for qualitative analysis in the whole measuring range for all Brl 2 3. In quantitative calculations, the error must be estimated separately in each case.
ESTIMATION OF SPECTRAL DISTRIBUTION STABILITY
Strong turbulent motions of water cause violent changes in the dispersion distribution of the scattered substance, which then slowly stabilises. In the case of emulsion, the concentration of contamination changes only slightly, but the light attenuation coefficient may alter significantly. Experimental estimation of the stabilisation time of distribution is difficult under natural conditions. Therefore, we performed spectral distribution measurements on 54 samples of roily oil in synthetic sea water with different salinities and at different temperatures, after different storage times, and on 60 samples of water from the Swina River mouth and Zatoka Pomorska for comparative analysis. Emulsion storing technology is described in Section 2. The initial concentration of crude oil was chosen in such a way that the input attenuation coefficient of the emulsion would be comparable to the attenuation coefficient of water in strongly contaminated water areas. The change of oil concentration does not affect the process of dispergation and consequently the distribution function of spectral distribution, but affects only the number of particles in the unit volume. As a result, the function c(h) and the constants A, B in formula (3) will be multiplied by a constant factor. In order to obtain conditions similar to natural ones, emulsion samples were stored in glass bottles with natural lighting and temperature. We performed the analysis of spectral distribution of light attenuation coefficients of the emulsion for curves smoothed with the help of formula (3) @ = 1).
For the examined sample of fresh roily oil in distilled water with the concentration given above, the curve (3) possesses a minimum for h = 463 nm which is equal to cmin = 23.6 m-' and an asymptote in a far infrared. Selectivity ~c,~,-c,~,~) in the "optical window" (350-700 nrnl is small (0.94 m-l), a decrease in the violet and ultraviolet part of the spectrum is significantly larger (6.5 m-i in the interval 260-350 nm).
After two weeks of storage, the shape of curve (3) is similar. but depending on the conditions of storage the mini- For salt water, the shape of the spectral distribution curve is different. Figure 3 presents shapes of smoothed curves for fresh samples at the same temperature, with the same crude oil concentration and different salinity.
For a salinity range of 5-30, all curves are of the same type. They posses,s a minimum in the interval 350-400 nm, a maximum ad h = 650 nm and an asymptote in the ultraviolet part of 'the spectrum. This confirms (by extrapolation) the existence of a strong selective attenuation band in ultraviolet and justifies the necessity of examining of oil emulsions in this spectrum range. In the infrared, we observe a slow decrease of the attenuation coefficient down tjo the value corresponding to water with the same salinity. 'With a salinity of 5 throughout the measuring interval, there appears to be a decrease (by several orders of magnitude) of the attenuation coefficient in the infrared as comp,ared to the observed one for distilled water and with the same concentration of crude oil. It decreases further with the growth of salinity, but at a remarkably slower rate. Hence, we may conclude that even small salinity (5) causes an essential change in the dispergation mechanism, which alters little with further (even by several orders of magnitude) growth of salinity.
The time factor, stabilisation conditions and a form of stable (smoothed) distribution were examined for two particularly interesting values of salinity: 35 (oceanic waters), and 5 (Swina River mouth and Zatoka Pomorska waters). For a salinity of 35 and short storage times r < 72 h, the spectral distribution curves are of the same type as for fresh samples with salinity of 5-35 (fisuve 4).
All are characterised by the large growth of the attenuation coefficient in the ultraviolet part of the spectrum, by the existence of a minimum in the interval 350-405 nm, and a maximum in the interval 570-720 nm, with a slow decrease in the infrared. With the increase in storage time at constant temperature, the extreme of the curves becomes smaller, an asymptote in the ultraviolet shifts to longer waves, and the slope of the curve (f) increases at the beginning of the measuring interval. At higher temperatures the extremes of the attenuation coefficient are lower, the shift of the asymptote and the slope of the curve are greater for the same storage times. This is illustrated in table II.
After two and three weeks of storage the smoothed curves are monotone for half of the examined samples. The remaining samples still possess two slightly different extremes for h >550 nm or, exceptionally, a single minimum.
Hence, we may conclude that for stabilised distributions, the smoothed curve is monotone and convex, but this distiibution may not be reached (with the salinity of 35) even after three weeks of storage.
For the fresh sample with a salinity of 5, a distinct minimum h I= 400 nm and a maximum in the red part of the spectrum appears. After two weeks of storage all smoothed curves are monotone and convex @gure 5).
With this salinity, the distribution is monotone and convex, hence it can be regarded as a stabilised one. Two weeks of storage are sufficient to reach this state. Even low salinity (5) causes an essential change not only in the dispergation mechanism but also in the stabilisation conditions of the spectral distribution.
SPECTRAL DISTRIBUTIONS IN WATER AREAS
Sixty samples from the mouth of the Swina River and from the Pomerania Bay (Zatoka Pomorska) were examined. Samples were collected every two weeks from 10 January to 27 June 1988 from the surface at four points illustrated on Map 1, and then analysed using SPECORD M-40, in a manner similar to the emulsion (Section 2).
The measured values of the light attenuation coefficient varied significantly from 70.3 mm' (in the ultraviolet) to 0.02 m-t (in the infrared). gle measurement is smaller for the same value of H. In particular for H equal to 4, 9, and 16 estimated values of CJ are 0.33, 0.5 :and 0.67 respectively. For large measured values, a relative error of the calculated value (with respect to the measured one) can be small even for H > 16. For small measured values (< 0.1) appearing in some series in the .red and infrared part of the spectrum, the relative error can exceed 10 %, in spite of a small mean and absolute error. For measured values < 0.05, even with a small mean and absolute error, calculated negative values that are not observable in samples may appear. One reason for this, apart from the approximation error, can be the use of distilled water (as a comparative medium) rather than sea water with the same composition as the sample. The necessity of using this medium stemmed from the large fluctuations of salinity due to the variable inflow of waters from the Szczecin Lagoon (Zalew Szczecifiski) with significantly lower salinity into the examined water area and by different contents of dissolved substances selectively absorbing light (e.g. because of the existence of phytoplankton). Light attenuation coefficient spectral distribution curves have a shape quite different from that observed in the case of the emulsion.
All smoothed curves can be divided into two groups: (I) monotone convex curves (78 %), for which both constants A, B in formula (3) are positive, and which correspond to stabilised distributions in the case of emulsion; (II) curves with a minimum in the measuring interval, for which the constants A and B have opposite signs. Apart from one case there are, however, no curves with two extremes characteristic for emulsion in a non-stability phase. In this group (22 %), all curves correspond to small measured values, negative and minimal calculated values and a relatively large mean error. In this group of samples, formula (3) gives a worse approximation or may even not be appli'cable. Essential improvement of the accuracy of the approximation can be obtained by using the formula:
New constants can be calculated in the usual manner (the sum of the squared deviations LSM). If again min c(h) < 0, then the value of the constant c must be changed. This can cause an increase of H, however, for curves from group II application of the formula (4) led to a remarkable decrease in the value in 90 % of cases.
When the constants calculated from formulae (3) and (4) differ significantly one from the other, then the decrease of H is particularly large. Some decrease in the mean error appeared only for curves possessing a single sharp extreme (peak). Such curves do not exist in the case of emulsion.
While applying formulae (3) and (4) for smoothing out the curves, the distribution of the sum of the squared deviations is given in table III below: It follows that for natural water areas, the accuracy of approximation of the experimental curves by formula (3), even applying the correction (4), is worse than for the emulsion. This could be due to many factors, e. g. presence of colour dissolved substances, significant amount of phytoplankton, matter non-homogeneity of scattered particles, deviations from sphericity. Estimation of the influence of different factors is not possible without the aid of applied analytical and measuring techniques. Recalling that the number of measurements for the natural area water (40) is greater than for the emulsion (31) and that for the curves from group II, the large value of H is caused mainly by the appearance of single peaks, we can accept that approximations with the help of formulae (3) or (4) in approximate categories of curves are sufficiently good for qualitative analysis. Therefore, approximations based on the Mie theory, even with substantial
